Abstract. The chemokine receptor cysteine (C)-X-C receptor (CXCR4) is a G-protein-coupled receptor that exerts a vital role in distant metastasis of renal cell carcinoma (RCC). Emerging evidence demonstrates that CXCR4 as the cytomembrane receptor translocated into the nucleus to facilitate cell migration and, therefore, determine the prognosis of several types of malignancies. However, the biological mechanism of nuclear location of CXCR4 remains unclear. In the present study, we confirmed the significant implications of the putative nuclear localization sequence (NLS) '146RPRK149̓ on CXCR4 subcellular localization and metastatic potential by point-mutation assay in RCC cell lines. Importantly, mass spectrum followed by immunoprecipitation identified non-muscle myosin heavy chain-IIA (NMMHC-IIA) as the CXCR4-interacting protein.
Introduction
Renal cell carcinoma (RCC) is the fifth most common cancer worldwide, accounting for 2-3% of all malignant diseases in adults (1, 2) . Despite the fact that RCC is frequently diagnosed at a small and early stage, there are approximately one third of patients with renal cancer presenting metastatic diseases at the time of diagnosis and 30-40% of patients with localized renal cancer develop metastasis after surgery, which is the major clinical challenge in RCC (3) (4) (5) . RCC tumorigenesis and tumor progression comprises diverse molecules and mechanisms. It has been suggested that the directional trafficking play crucial roles in driving the tumor metastasis (6, 7) .
CXCR4 chemokine receptor belongs to the group of seven transmembrane G-protein coupled receptors (GPCR) which was found in more than 20 types of tumors in human, including prostate, ovarian and esophageal cancer, melanoma and RCC (8) (9) (10) (11) (12) (13) . Growing evidence indicated that high level of CXCR4 was significantly implicated in tumorigenesis and metastasis in many malignancies (14, 15) . Previous studies have shown that nuclear localized CXCR4 determined prognosis for colon, gastric, lung and colorectal cancer (16) (17) (18) (19) . While in different types of tumors, the prognostic prediction of nuclear localized CXCR4 was different, even opposite. Nuclear CXCR4 expression was associated with a favorable prognosis in non-small cell lung cancer (17) , but a poor prognosis in primary colon cancer (20, 21) . Our previous study confirmed that high level of CXCR4 was associated with poor overall and recurrence-free survival in RCC patients (22) , and nuclear translocated CXCR4 may play functional roles in metastatic RCC (23) . Thus, considerable attention has been focused on the mechanism of the nuclear translocation of CXCR4, which may promote tumor growth and metastasis. However, detailed mechanisms are still to be illustrated.
The surface-to-nucleus signaling pathways in a cascade (Ras/MAP kinase) or receptor-activated proteins acting singly (STATs) have been well-recognized. However, the ability of cytomembranous receptors to directly translocate NMMHC-IIA-dependent nuclear location of CXCR4 promotes migration and invasion in renal cell carcinoma (24) (25) (26) . In addition, preliminary evidence showed that CXCR4 may be one of the candidates. Almost every plasm-nucleolus shuttled protein harbor a functional nuclear localization sequence (NLS) or bind to transport proteins which possess an NLS. Our previous study showed that CXCR4 contained an NLS located in amino acids 90-170, which was very long and not precise (23) . Furthermore, NLS ̔146RPRK149̓, within CXCR4 presumed by PSORTII (http://psort.nibb.ac.jp/) has been identified to contribute to nuclear localization in prostate cancer cells (27) . Whether this putative NLS also modulates nuclear translocation of CXCR4 in RCC remains unknown. The present study investigated the function of nuclear localized CXCR4 and its biological mechanisms in RCC cells.
Materials and methods
Cell lines and culture conditions. Human RCC cell lines (A498 and ACHN) were obtained from the Chinese Academy of Sciences (Shanghai, China). The cells were incubated in Roswell Park Memorial Institute-1640 medium containing 10% heat-inactivated fetal bovine serum and antibiotics (100 µg/ml of penicillin-streptomycin). Cells were grown as a monolayer on plastic cell culture dishes at 37˚C in a humidified atmosphere containing 5% CO 2 .
Lentiviral vectors and infection. The lentivirus encoding EGFP, EGFP-CXCR4 or EGFP-CXCR4MutNLS (combination of R146A, R148A and R149A point mutations within the NLS) plasmids were packaged and purified at HanBio Biotechnology (Shanghai, China) and infected cells following the manufacturer's instructions. Subcellular fractionation and western blot analysis. RCC cells were serum-starved for 24 h. Subcellular fractionations were performed by Nuclear/Cytosol Fractionation kit (BioVision, San Francisco, CA, uSA) following the manufacturer's instructions. Western blotting was performed as previously described (23) with anti-human CXCR4 antibody (1:1,000), anti-topoisomerase I (1:1,000) (both from Santa Cruz Biotechnology, Santa Cruz, CA, uSA) and anti-CD44 (1:1,000; Cell Signaling, BSN, uSA) antibodies.
Point mutation. Combination of R146A, R148A and R149A point mutations within the NLS of GFP-CXCR4 fusion protein were generated using the gene splicing by overlap extension-PCR, SOE-PCR; pEGFPN1-CXCR4 acted as the template (23) . The forward and reverse primers purchased from Sango Biotech (Shanghai, China), were: i) Rm689 F, TAGA CCACCTTTTCAGCCAACAGCGCCGCTGGCGCCTGA CTGTTGGTGGCGTGGACGA and R, AAAGCTTGCTG GAGTGAAAACTTGAAGAC. The resultant plasmids were pEGFPN1-CXCR4NLS689. Positive CXCR4 mutant clones were selected with ampicillin and further purified by Maxiprep (Omega Bio-Tek, Norcross, GA, uSA). Accuracy of the mutations was confirmed by Sangon Biotech (Shanghai, China).
Cell Counting Scratch assay. When cells reached 90% confluency, a scratch was made through each well using a sterile pipette tip. Cells were monitored under a microscope (magnification, x50) for indicated time after wounding.
Transwell invasion and migration assays. The invasion and migration abilities were performed with the filters (Corning, Lowell, MA, uSA) and Transwells (Millipore, Billerica, MA, uSA) following the manufacturer's instructions. In the invasion assay cells were stained with 0.5% crystal violet, while migrated cells were counted using 4',6-diamidino-2-phenylindole (DAPI).
Immunofluorescence and confocal microscopy. LV-EGFP-CXCR4 and LV-EGFP-CXCR4MutNLS infected RCC cells were evaluated by immunofluorescence as previously described (23) . The coverslips were viewed under a fluorescence microscope (Nikon C1-i; Nikon, Tokyo, Japan) or a Leica Microsystems SP5 confocal microscope.
Immunoprecipitation. The immunoprecipitation of CXCR4 was performed by pull-down with CXCR4 antibody from total protein lysates according to the manufacturer's protocol (Invitrogen, Karlsruhe, Germany). The CXCR4-pull-down products were subjected to 10% denaturing polyacrylamide gel electrophoresis and visualized by silver staining. The single protein band of ~230 kDa was analyzed using MS/MS spectra and the results were confirmed by western blot analysis.
RCC tissue. We obtained human RCC surgical resection samples at the Department of Pathology, Changhai Hospital (Shanghai, China). The samples originated from one patient with RCC, who provided written informed consent to use the specimens. The study design was approved by the Changhai Hospital Ethics Committee.
Immunof luorescent localization. Co-localization of NMMHC-IIA and CXCR4 in RCC tissue was observed by immunofluorescence (IF). The sections were prepared following the instructions of the manufacturer, and the slides were double-stained with the primary antibodies, a mouse antibody specific to CXCR4 and a rabbit antibody specific to NMMHC-IIA, respectively.
Statistical analysis. GraphPad Prism version 6.0 (GraphPad, San Diego, CA, uSA) was used for all statistical analyses. Data are presented as the means ± stan dard deviation from at least three separate experiments. The t-test (two-tailed) was used to draw a comparison between groups, and the significance level was set at P<0.05.
Results

NLS mutation within CXCR4 inhibits its nuclear localization in RCC cells.
We have previously found that CXCR4 protein was positive in A498 and ACHN cells lines (data not shown). To confirm the subcellular localization of CXCR4, RCC cells were fractionated into nuclear and cytoplasmic fractions, and the purity of subcellular fractions was confirmed by expression of CD44, a non-nuclear control (28) and topoisomerase 1, a nuclear control (29) (Fig. 1A) . We found that A498 and ACHN expressed CXCR4 in both the nuclear and cytoplasmic fractions, which suggested that CXCR4 was expressed in the cytoplasm, but also within the nucleus of RCC cells.
Plasm-nucleolus shuttled proteins often contain a functional NLS or bind to transport proteins possessing an NLS (30) . Our previous study suggested that the NLS of CXCR4 was located in amino acids 90-170, but it was not accurate (23) . A bioinformatics analysis using the PSORTII NLS prediction software revealed a putative NLS, 'RPRK̓ (27, 31) between amino acids 146-149 within CXCR4 amino acid sequence. To determine whether the putative NLS, ̔146RPRK149̓, was functional and contributed to nuclear translocation of CXCR4, we evaluated the subcellular distribution of wild-type EGFP-CXCR4, three mutational fusion proteins in which arginine 146, 148 and 149 were separately mutated to an alanine (CXCR4R146A, CXCR4P148A and CXCR4R149A, respectively), as well as a fusion protein where three arginine 146, 148 and 149 in the NLS were all mutated to alanines (CXCR4MutNLS) by PredictProtein software (Fig. 1B) . Plasmids encoding EGFP-CXCR4 were transfected into ACHN cells and examined by immunofluorescence microscopy. Although EGFP-CXCR4 was localized in both cytoplasm and nucleus (Fig. 1C) , CXCR4R146A, CXCR4R148A and CXCR4R149A were also detectable at the nucleus, suggesting that R146A, R148A or R149A mutation were insufficient to inhibit CXCR4 localization to nucleus (data not shown). However, we detected that CXCR4 diffusely throughout the cytoplasm upon transfection of EGFP-CXCR4 plasmid, but CXCR4 in the nucleus of EGFP-CXCR4MutNLS transfected cells was obviously decreased (Fig. 1C) . The confocal microscopy further precisely confirmed that, compared with EGFP-CXCR4 group, the nuclear distribution of CXCR4 was obviously less in EGFP-CXCR4MutNLS transfected ACHN cells (Fig. 1D) . Additionally, to confirm that CXCR4 was decreased in the nucleus, LV-EGFP-CXCR4 or LV-EGFP-CXCR4MutNLS infected RCC cells were fractionated into nuclear and cytoplasmic fractions for western blot analysis (Fig. 1E) . Consistent with IF observations, we found that cells infected with wildtype LV-EGFP-CXCR4 and LV-EGFP-CXCR4MutNLS were both presented with cytoplasmic CXCR4 detection, while the nuclear CXCR4 was significantly reduced in LV-EGFPCXCR4MutNLS infected RCC cells. Collectively, these data suggest that the '146RPRK149̓ may be involved in localization of CXCR4 to the nucleus in RCC cells and may help us further investigate the function of nuclear CXCR4.
CXCR4 in the nucleus promotes proliferation, migration and invasion of RCC cells.
CCK-8 assays were performed to investigate the effects of nuclear CXCR4 on proliferation of ACHN cell line. Compared with LV-EGFP-CXCR4MutNLS infected group, LV-EGFP-CXCR4 infected ACHN cells had a significant growth promoting capacity ( Fig. 2A) indicating that high level of CXCR4 in the nucleus promoted RCC cell growth. To further investigate the function of CXCR4 in the nucleus, the migration ability of ACHN cell was assessed by scratchwound and Transwell assays. The scratch-wound assay showed that the migration ability of the LV-EGFP-CXCR4MutNLS infected ACHN cells was lower than the LV-EGFP-CXCR4 infected ACHN cells. We found that the cell-free area of the LV-EGFP-CXCR4 group was obviously narrower than the LV-EGFP-CXCR4MutNLS group at 24, 48 and 72 h after drawing the 'scratch̓ line on the monolayer cells (Fig. 2B ) and confirmed the results by Transwell migration assay (Fig. 2C) . In Transwell invasion assays, the number of invaded cells stained with crystal violet was significantly higher in the LV-EGFP-CXCR4 group (Fig. 2E) . These results showed that CXCR4 in the nucleus can promote the proliferation, migration and invasion ability of RCC cells.
Nuclear localization of CXCR4 partly depends on NMMHC-IIA.
Next, we investigated whether CXCR4 specifically bound intracellular partners that affected its subcellular localization. Immunoprecipitation with cell lysates of ACHN cells (Fig. 3A) revealed the presence of protein bands of spots (Fig. 3A-A-D) that were specifically associated with CXCR4. We focused on the spots D (230 kDa), the bands were excised, digested with trypsin, and the peptides were analyzed by mass spectrometry. The 230 kDa band was unequivocally identified as non-muscle (Table I) . To confirm the identity of the 230 kDa protein, western blot analysis with an antibody against NMMHC-IIA and CXCR4 were performed in CXCR4 or NMMHC-IIA binding protein lysates of LV-EGFP-CXCR4 and LV-EGFP-CXCR4MutNLS infected ACHN cells (Fig. 3B and C) , which showed that CXCR4 and NMMHC-IIA could bind with each other mutually. Additionally, colocalization pattern of NMMHC-IIA and CXCR4 was presented by immunofluorescence in RCC tissue (Fig. 3E) . The result showed that the distribution of CXCR4 and NMMHC-IIA were almost overlapping, which further revealed that NMMHC-IIA specifically bound with CXCR4.
To assess the involvement of NMMHC-IIA in the subcellular localization of CXCR4, blebbistatin, a specific inhibitor of NMMHC-IIA, was used to inhibit NMMHC-IIA activation, and CXCR4 nucleus localization was observed by IF. Treatment with 50 µM blebbistatin, CXCR4 in the nucleus was significantly decreased in LV-EGFP-CXCR4 infected ACHN cells (Fig. 3F) . These results suggested that targeting NMMHC-IIA interfered with CXCR4 subcellular localization.
Inhibition of NMMHC-IIA suppresses the metastatic potential of RCC cells.
Then, the functional relationship between NMMHC-IIA and CXCR4 was analyzed. Blebbistatin suppressed the growth ability of LV-EGFP-CXCR4 infected ACHN cells (Fig. 4A) . We also found that blebbistatin decreased the migratory and invasive ability in LV-EGFP-CXCR4 infected ACHN cells (Fig. 4B-D) . Collectively, these results indicated that inhibition of NMMHC-IIA suppressed the growth, migration and invasion capacity of RCC cells by inhibiting the nuclear location of CXCR4.
Discussion
CXCR4 has been identified as a key factor involving in organ-specific metastasis of RCC (32) . Our previous study observed that nuclear localization of CXCR4 was found in metastatic but not primary RCC lesions (33) . It is known that within thousands of cancer cells, just a few cells escaped the primary tumor by migration and invasion to target organs, so we hypothesized CXCR4 played important roles in metastasis when it translocated into the nucleus.
In the present study, we demonstrated that mutation in NLS '146RPRK149̓ within CXCR4 prevented its translocation to the nucleus and inhibited proliferation, migration and invasion of RCC cells, suggesting that nuclear localization of CXCR4 may be a mechanism by which RCC cells survive and spread. It indicated to us that antagonizing nuclear transport pathways or the function of nuclear CXCR4 is a rational approach for RCC therapy.
To date, increasing evidence supports that CXCR4 is highly expressed in tumor tissues and correlated with poor progression in RCC (34) . However, few studies have evaluated the biological function of subcellular localization of CXCR4 in RCC cells. The present study showed that CXCR4 presented in both the nucleus and cytoplasm in RCC cells and determined the accurate location of the NLS and the impact that nuclear CXCR4 may have on RCC growth and metastasis. Our previous study suggested that 90-170 amino acid sequence within CXCR4 served as NLS (23) . A prior study by Ayesha et al presumed a non-traditional NLS, '146RPRK149̓, within CXCR4 by PSORTII and demonstrated that removal of the putative NLS attenuated its nuclear localization in prostate cancer cells (30) . We observed that nuclear localization of CXCR4 decreased obviously when arginine 146, 148 and 149 were simultaneously mutated to alanine, which indicated that the 'RPRK̓ motif may be involved in localization of CXCR4 to the nucleus in RCC.
Previous studies found a correlation of CXCR4 expression levels with metastatic occurrence of RCC cells, but had not shown an association of nuclear localization of CXCR4 and biological behavior of RCC cells, we then examined whether 'RPRK̓ motif mutation and subsequently CXCR4 subcellular localization, could alter the growth and metastatic potential of RCC cells. Our results suggested that nuclear CXCR4 was a positive regulator in the growth of RCC cells. We also found that migration, and invasion of RCC cells bearing CXCR4MutNLS were significantly repressed. Prevention of CXCR4 translocation to nucleus effectively inhibited proliferation, migration and invasion in RCC cells. This may partly explain the fact that nuclear CXCR4 was detected in many metastatic RCC patients, and the subcellular distribution of CXCR4 may play a significant role in RCC progression.
Since CXCR4 nuclear localization determined RCC progression, blockage of this process may be a novel promising therapeutic approach for RCC patients. In the present study, we found that NMMHC-IIA could particularly bind with CXCR4 and promote its nuclear translocation. NMMHC-IIA belongs to the myosin II subfamily and comprise a complex of two non-muscle myosin II heavy chains, two essential light chains and two regulatory light chains (35) . NMMHC-IIA has been reported to participate in many steps of cancer metas- (36) . A previous study found that CXCR4 could bind with NMMHC-IIA in T lymphocytes (37) , but its association with CXCR4 subcellular distribution was almost unknown. The present study confirmed that NMMHC-IIA could bind with CXCR4 and also promoted its nuclear translocation. Furthermore, pretreatment with blebbistatin inhibited nuclear CXCR4-induced proliferation, migration and invasion of RCC cells. This finding is consistent with previous studies demonstrating impaired migration in NMMHC-IIA-depleted MDA-MB-231 breast cancer cells (38) and blebbistatintreated pancreatic adenocarcinoma cells (39) . The present study suggested that CXCR4 translocated to the nucleus and subsequently promoted RCC cell growth and metastasis partly dependent on NMMHC-IIA.
In conclusion, the data presented above provided clear evidence of CXCR4 translocated into the nucleus and acted as a functional, ligand-responsive receptor in RCC cells. Inhibition of CXCR4 nuclear localization could effectively suppress the proliferation, migration and invasion of RCC cells. Given that nuclear CXCR4 promotes metastatic ability in RCC, this investigation provided a novel mechanism to illuminate the nuclear distribution of CXCR4 as previously reported. We also demonstrated that NMMHC-IIA was functionally involved in the process of CXCR4 nuclear translocation and then affected its biology functions, possibly providing promises for new therapeutic interventions for metastatic RCC. Further investigation is still required to explore the accurate mechanism of nuclear CXCR4 promoting RCC progression and its association with clinical prognosis in RCC patients.
